6-L-[(8F] fluorodopa was used. The relative isomeric proportions were 35, 5 and 60% respectively. The radioactivity, 2-6 mCi, was associated with 8-10 mg L-fluorodopa. The estimated mean specific activity was 103-0 -+ 22-9 mCi/mmol. This mixture was injected intravenously in a volume of 10 ml over two minutes using a constant infusion Harvard pump.
Positron emission tomography (PET) is a scanning technique which allows measurement in absolute units of the regional concentration of positron emitting isotopes in the brain or other organs.1 When these isotopes are attached to suitable tracers and inhaled or injected intravenously it is possible to explore their fate by measuring the uptake of radioactivity over time in an organ such as the brain. Recently a method has been developed to label an analogue of levodopa (6-L-fluorodopa) with the positron emitting isotope fluorine-18 .2 This tracer can be used to study regional dopamine metabolism in brain in vivo by measuring tomographically the accumulated radioactivity with PET.3-s
We have applied this method to a group of healthy control subjects and to patients with Parkinson's disease. Because of severe loss of nigrostriatal dopaminergic neurons that characterises Parkinson's disease, the dopamine content in striatum of these patients is markedly diminished.6 The aim of the present study was to investigate storage capacity for dopamine in striatum of healthy individuals and subjects with Par- kinson's disease.
Methods Tracer
The isotope fluorine-18 (half life 110 min) was produced in Labelled L-[I8F] fluorodopa was prepared according to the technique of Firnau et al2 (but without the final stage of separation of isomers). Therefore a mixture of 2-, 5-and 6-L-[(8F] fluorodopa was used. The relative isomeric proportions were 35, 5 and 60% respectively. The radioactivity, 2-6 mCi, was associated with 8-10 mg L-fluorodopa. The estimated mean specific activity was 103-0 -+ 22-9 mCi/mmol. This mixture was injected intravenously in a volume of 10 ml over two minutes using a constant infusion Harvard pump.
Construction of arterial curve A Teflon (gauge 21) cannula was inserted into one radial artery, and 3 ml blood samples were taken at 20 second intervals during the first three minutes following tracer injection, and then every 30 to 60 seconds for a further seven minutes. Arterial sampling times were then gradually spaced out via 5 and 10, to 20 minute intervals. Usually a total of 25 samples were taken. The samples were spun and the concentration of isotopes in plasma was measured in a well-counter cross calibrated with the tomograph.
Scanning technique
The positron emission tomograph used was the ECAT-Il (EG & G Ortec) . This is a whole body single slice machine with a spatial resolution of 17 mm x 17 mm FWHM (full width half maximum) and a slice thickness of 16 mm (FWHM).7 Serial scans were started in most subjects about one hour after the tracer had been given. Some subjects were scanned from the moment at which tracer was injected. Owing to the slow uptake of the tracer by brain tissue, the relatively small volume of the striatum and the relatively low sensitivity of our scanner, 10 minute scans were needed to obtain sufficient counts to reconstruct one tomographic image. Only one cross-section was scanned (5 cm above and 854Leenders., Palmer. Quintn. (lark. Firnau parallel to the orbito-meatal line) at the level of the body of the striatum. The same transaxial tomographic plane was measured in a sequence of consecutive 10 minute scans for approximately two hours. A transmission scan, using an external ring source (Germanium 68/Gallium 68), was used to correct the measured emission data for tissue attenuation. After data collection the images were reconstructed using standard computer processing for all of the 10 minute scans (fig la) . The picture element (pixel) response within each reconstructed tomographic image relates directly to the regional concentration of fluorine-18 in the tissue examined, and was corrected for physical decay from the time of injection. This procedure allowed us to follow the changes in concentration of radioactivity over time in the striatal region and in regions of the surrounding brain.
Data analysis
The tissue concentration of fluorine-18 in both striata and surrounding brain were obtained from regions of interest (ROIs) defined on the images of the emission scans. An example is given in fig lb. The left and right striatal ROIs were obtained by summating all sequential images and determining a circular area (49 pixels; each pixel is 2 5 mm x 2 5 mm) containing the maximum concentration of isotope. Striatal ROIs thus determined were placed on each 10 minute scan separately to obtain the time course of radioactivity. The average value from left and right striatum in any one slice was taken as the "striatal value". The "surrounding brain value" was obtained as follows. A large ROI was placed on the image of the transmission scan just inside the rim representing the junction of skull and brain. This large ROI was then used to determine the outer border of the brain in each 10 minute emission scan. Two oval ROIs (radii 8 and 9, totalling 223 pixels) which completely encircled the two centrally located striatal regions with high activity were then subtracted from this large ROI to obtain the "surrounding brain value" (fig lb) . From the "striatal" and "surrounding brain" values a ratio was obtained for each 10 minute scan.
Patients and normal controls Six healthy volunteers and 12 patients with Parkinson's disease were studied (table 1). The patients were divided into two groups. The first group comprised seven patients who had had the disease for only a relatively short time ("early" patients). Three of these patients were on regular treatment with a stable and sustained therapeutic response: their medication was stopped one day before the PET scan. The other four patients in this group had not been treated. The second group comprised five patients who had had the disease for longer, were more severely disabled, and whose response to levodopa treatment fluctuated ("on/of' patients). All of the second group were taking levodopa, but their response to treatment was variable. Throughout each day they had Figure 2 illustrates the time course of activity in striatum and surrounding brain in a control subject and an "on/off' patient. From 70 minutes onwards stri- The ratio of activity in striatum compared to surrounding brain increased steadily over time in the normal subjects (fig 3a) for at least 120 min after injection of the tracer. Thereafter the ratio continued to increase, but the overall absolute count rates were extremely low by then, because of physical decay of the isotope, and only two subjects were studied at this time.
In contrast all Parkinsonian patients showed a lower ratio of activity for each time point after administration of the tracer (fig 3b, c) . The variability of atal activity in the control subjects decreased only slightly (from 8-7% of arterial peak plasma value at 70 min to 8-0% at 180 min); activity in surrounding brain decreased more rapidly (from 5-8% at 70 min to 3 9% at 180 min). In the patients striatal activity followed the pattern of surrounding brain activity (striatal activity fell from 5-7% to 4-1%, and surrounding brain activity from 4-6% to 3-3%, between 70 and 170 min). The time course of the decline in surrounding brain activity was similar in controls and patients. The peak of this activity in those subjects whose scans were started immediately after administration of the tracer occurred in controls at 28-8 + 5-3 min (n = 3) and in patients at 29-3 + 0 min (n = 2) after injection. The percentage decline of activity in surrounding brain from about 2 to 3 hours after administration in those subjects who were scanned in that time period was 15-9 + 2-0 (n = 3) and 15-7 + 2-9 (n = 7) in controls and patients respectively. Leenders, Palmer, Quinn, Clark, Firnau, Garnett, Nahmias, Jones, Marsden this ratio in the patient group was considerably larger than in the control subjects. This may have reflected the lower overall absolute activity in the striatum of patients, particularly towards the later part of the study, when the absolute count rates of isotope became very low.
Averaged ratios at 20 minute intervals for each group of subjects are shown in fig 4. The average ratio in the control subjects progressively increased throughout the period of study. In contrast, in the patient groups the average ratio plateaued about 100 min after isotope administration. In the group of patients with "early" disease, the ratios were not different whether the patients were treated or not. The ratios for patients with the "on/off' phenomenon were consistently lower than those for patients with "early" disease.
For each patient the average ratio (of all available ratios between 100 and 200 minutes after administration of the tracer) was calculated (table 2) . "On/off' patients had a lower mean ratio compared with "early" patients ( fig 5) .
Discussion
This study confirms previous reports3 -5 that accumulation of radioactivity after administration of fluorine-18 labelled levodopa takes place preferentially in the striatum of healthy controls and in patients with Parkinson's disease. By observing the time course of this uptake, we found a striking difference between controls and patients.
PET can only determine the concentration of positron emitting isotopes in a certain volume of tissue. The detected radioactivity (in this study fluorine-18) may arise from L-['8F] fluorodopa itself or one of its metabolic products, notably fluorinated dopamine (DA), homovanillic acid (HVA), 3,4-dihydroxy phenylacetic acid (DOPAC) or 3-methoxy, 4-hydroxy-phenylalanine (3-OM-dopa). The accumulation of the isotope is greatest in striatum, which has the highest concentration of native dopamine and related anabolic and catabolic enzymes. Fluorodopa has been shown to behave biochemically like levodopa and fluorodopamine is stored in the striatum.9-"' Further, in primates much of the striatal radioactivity measured an hour after injection of In contrast to normal subjects, patients with Parkinson's disease showed a different time course of striatal activity after injection of labelled L-fluorodopa. The ratio of striatal to surrounding brain activity failed to rise after about 100 min from the injection, indicating that the net accumulation of activity within the striatal and surrounding brain tissue occurred at the same rate. The relative failure of Parkinsonian patients to selectively retain the tracer in the striatum suggests inability to store L-fluorodopamine, due to loss of nigrostriatal dopamine terminals.
Patients with longstanding disease and fluctuating "on/off' clinical response to levodopa treatment had a significantly lower "storage capacity" compared with "early" patients, either untreated or showing sustained clinical response. The ratio of activity between striatum and surrounding brain from about 100 min onwards was consistently lower in the youn-Brain dopamine metabolism in patients with Parkinson's disease measured with PET ger group of "on/off' patients than in the older group of "early" patients. This finding, together with the tight pattern of striatum to surrounding brain ratios within the control group despite wide age variations, would imply that these ratios are not age dependant.
Reches and Fahn"7 and Gervas et alt8 found in rats that 3-OM-dopa inhibits striatal uptake of levodopa in a dose-dependant manner. The difference in striatal uptake of the tracer between our three groups of human subjects could conceivably be due to circulating 3-OM-dopa. This would be expected to be present in higher concentrations in the "on-off' than "early" patients, and in patients than controls, as they had used higher pharmacological doses of levodopa and peripheral decarboxylase inhibitor before the PET scans were peformed. However, if 3-OM-dopa is indeed capable of impairing transfer of levodopa across the blood-brain barrier in man, this should only affect overall levodopa uptake into brain, and not the ratio of levodopa concentration between striatum and surrounding brain. We have recently demonstrated (Leenders et al, unpublished observation) that the intravenous administration of a mixture of amino acids, although inhibiting uptake of injected L-[(8F] fluorodopa into brain, has no effect on the ratio of striatal to surrounding brain radioactivity. In keeping with this observation, the four previously untreated Parkinsonian patients in this study showed the same ratio of activity between striatum and surrounding brain as the three who showed a sustained response to levodopa therapy.
Elsewhere'9 we have suggested that the development of "on/off' fluctuations in patients with Parkinson's disease on chronic levodopa therapy is due to progressive loss of the capacity to store dopamine in the striatum. Our results provide further evidence that as Parkinson's disease progresses, there is indeed a continuing decline of striatal storage capacity for dopamine. Patients in an advanced stage of the disease are therefore less capable of maintaining a constant dopamine pool in striatal tissue, and levels of striatal dopamine thus became more closely dependent upon the rate at which levodopa is delivered to striatum at any given time. A constant and sufficiently high level of plasma levodopa as provided by continuous intravenous infusion has been shown to abolish clinical fluctuations in patients with severe swings on oral therapy.20-22 It has been proposed that such infusions may owe their success to their ability to compensate for a lack of storage capacity for striatal dopamine. 
